Introduction {#sec1}
============

Adenosylcobalamin (AdoCbl) in vitamin B12 enzymes and \[4Fe-4S\]-bound *S*-adenosyl methionine (SAM) in the radical SAM (rSAM) superfamily of enzymes^[@ref1]−[@ref3]^ are both capable of generating the 5′-deoxyadenosyl radical (5′dAdo^•^), which is a potent H-atom abstractor that can initiate a wide array of difficult chemical transformations. In the AdoCbl enzymes, the Ado group is bound via its C5′ as an axial ligand to the corrin-bound cobalt, and homolytic Co--C bond cleavage generates the 5′dAdo^•^ radical. In the rSAM enzymes, SAM is bound at an open coordination position of an Fe of a site-differentiated \[4Fe-4S\] cluster, where cysteines provide ligands to the other three irons, typically presented in a canonical Cys-X~3~-Cys-X~2~-Cys sequence ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, 1). Here the 5′dAdo^•^ radical is generated by one-electron reduction of the \[4Fe-4S\] cluster, which leads to a homolytic cleavage between the S atom of methionine and the C5′ of adenosine ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, 2). The resulting 5′dAdo^•^ immediately abstracts an H-atom from a substrate molecule ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, 3) to generate the primary substrate radical and dAdoH ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, 4). A given rSAM enzyme binds the substrate in the active site precisely in order to achieve regio- and stereofidelity in this H-atom abstraction by 5′dAdo^•^. The rSAM radical chemistry has been harnessed by an enormous variety of enzymes (<http://sfld.rbvi.ucsf.edu/django/superfamily/29/>) carrying out a range of challenging biochemical reactions. Electron paramagnetic resonance (EPR) spectroscopy has been used to characterize a variety of substrate radicals formed in such rSAM enzyme reactions, but to date there is no verified report of the detection of the primary, but evanescent, 5′dAdo^•^ radical (vide infra).

![A Radical SAM Enzyme Mechanism Begins with the Formation of the 5′dAdo^•^ Radical by 1e^--^ Reductive Cleavage of a \[4Fe-4S\] Cluster-Bound SAM, Which Then Abstracts an H-Atom from Substrate (R)\
The cysteine ligands to the other three irons of the \[4Fe-4S\] cluster are omitted for simplicity.](oc9b00706_0005){#sch1}

Recently, there was an important breakthrough in generating the 5′dAdo^•^ radical via cryogenic photolysis of a rSAM center as an alternative to trapping it in an enzymatic reaction.^[@ref4]^ Here Broderick, Hoffman, and co-workers illuminated the rSAM enzyme pyruvate formate-lyase frozen with a prereduced \[4Fe-4S\]-SAM cluster for ∼1 h with 450 nm illumination at a temperature of 12 K. Using isotopically labeled SAM and employing EPR and electron nuclear double resonance (ENDOR) spectroscopies, these investigators clearly demonstrated that they produced and stabilized the 5′dAdo^•^ radical with this cryophotolysis procedure. Their experimental results in turn serve as the basis for density functional theory (DFT) calculations to obtain an optimized structure for the cryophotolysis generated form of the 5′dAdo^•^ radical.

Here we report the direct trapping of the 5′dAdo^•^ radical in an actual radical SAM enzyme reaction along with its EPR characterization using isotopically labeled *S*-adenosyl methionine. The enzyme, HydG, is a rSAM tyrosine lyase used to generate the CO and CN ligands ultimately incorporated in the catalytic H-cluster of \[Fe--Fe\] hydrogenase.^[@ref5]−[@ref8]^ We have previously used EPR spectroscopy of the HydG reaction with isotopically labeled tyrosine, frozen rapidly to trap reaction intermediates, as a probe of the radical SAM chemistry driving the lysis of tyrosine.^[@ref9]^ The use of specific magnetic nuclear substrate labels is crucial to definitively assign any detected radical in such experiments. In this case, the EPR spectrum of the trapped radical was assigned to a 4-hydroxidobenzyl radical produced following C~α~--C~β~ bond lysis of some initial tyrosine radical produced by the 5′dAdo^•^-driven H-atom abstraction. There has been some debate concerning the specific identity of this initial tyrosine radical tied to which specific tyrosine H-atom is abstracted in its generation^[@ref9]−[@ref13]^ (vide infra).

We are now exploring the use of tyrosine analogues as non-native substrates in order to further understand the radical chemistry associated with tyrosine lysis by the 5′dAdo^•^ radical generated in HydG. The likelihood that an amino group hydrogen is the target of the HydG H-atom transfer was suggested by a recent X-ray structure of NosL, a rSAM tryptophan lyase^[@ref14]^ which carries out an analogous C~α~--C~β~ bond cleavage for its tryptophan substrate. To date, all HydG structures lack bound substrate tyrosine, but based on the NosL structure an analogous substrate tyrosine binding site can be modeled ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref15]^

![Fe--S centers in the HydG X-ray crystal structure^[@ref15]^ including a model of the tyrosine docking site (PDB: 4WCX) based on the tryptophan binding site of NosL.^[@ref14]^ The \[4Fe-4S\] center with bound SAM is on the right side of the figure. The cluster on the left is a unique cluster with a fifth "dangler" Fe coupled to a \[4Fe-4S\] cluster, later shown to be via ligation by an exogenous cysteine.^[@ref44]^ This figure is reproduced from Dinis et al.^[@ref15]^ with permission from PNAS. Copyright 2015 National Academy of Sciences.](oc9b00706_0001){#fig1}

This picture led us to select 4-hydroxy phenyl propanoic acid (HPPA), with a simple CH~2~ replacing the C~α~H-NH~2~ of tyrosine ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), as a non-native substrate of interest. We show here that HydG generates an HPPA-derived radical with majority spin density at the C2 carbon that substitutes for the tyrosine C~α~H-NH~2~ moiety. On the basis of these specific EPR results, we can conclude that HPPA binds in a closely analogous site to that of the native substrate tyrosine, preserving HydG′s specific rSAM regioselectivity. This led us to try a further non-native substrate experiment, using coumaric acid which has a C~2~=C~3~ alkene substitution relative to HPPA's single bond ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). We reasoned, supported by DFT calculations, that this alkane-to-alkene substitution would elevate the energy barrier for an analogous C2 H-atom abstraction, leading to a possible trapping of the initial 5′dAdo^•^ radical. This indeed is the case for the use of the *cis-p*-coumaric acid isomer as a non-native substrate: we trap a new radical species, and EPR spectra obtained with specific SAM isotope labels shows this to be the 5′dAdo^•^ radical, with spin density highly localized at C5′. This is the first isotope-confirmed example of a 5′dAdo^•^ radical trapped in a radical SAM reaction, in this case by using this rationally selected non-native substrate, *cis-p*-coumaric acid.

![X-band CW EPR spectra of organic radicals generated by HydG. (A) shows the spectrum resulting from a reaction mixture of HydG 100 μM, DTH 1 mM, 4-hydroxy phenyl propanoic Acid (HPPA) 300 μM, *S*-adenosyl methionine (SAM) 300 μM, in HEPES buffer (pH 7.5). (B) is identical but for a single ^13^C at the C2 position (^13^C 2-HPPA). (C) and (D) are the subtraction spectra of the reaction mixture of HydG 100 μM, DTH 1 mM, *cis-p*-coumaric acid 300 μM, and (C) natural abundance (N.A.) SAM or (D) *S*-adenosyl-(2,4,5,6,8,1′,2′,3′,4′,5′-^13^C~10~)-methionine, 300 μM, in HEPES buffer (pH 7.5). Spectra C and D are generated by subtracting the spectra acquired at 60 K (accounting for a 1/*T* dependence of the signal intensity) from the spectra acquired at 40 K to remove an unassigned signal. Spectrometer configuration: frequency 9.4 GHz, (A) and (B) power 200 μW, (C) and (D) power 2 mW. The red traces (A) and (B) are simulations using the same *g*-tensor = \[2.002 2.004 2.005\] and with the same set of three protons hyperfine tensors and corresponding Euler angles A (Ha) = \[−24 −57 −90.8\], Euler angle (Ha) = \[3 10 −80\]°, A(Hb)= \[108 105.8 121.5\], Euler angle (Hb) = \[40 55 −40\]°, A(Hc) = \[6 0 6\], Euler angle (Hc) = \[0 0 0\]°, but with the addition of a single ^13^C hyperfine tensor, A(^13^C) = \[11 210 11\], Euler angle (^13^C) = \[5 34 95\]° in trace B.](oc9b00706_0002){#fig2}

Results and Discussion {#sec2}
======================

Our initial foray into using non-native substrates was motivated in part by the difference of opinion in the literature concerning the identity of the primary tyrosine radical of the HydG rSAM reaction, which is tied to the identity of the specific tyrosine H-atom abstracted by the 5′dAdo^•^ radical. A number of papers discussing the radical mechanism of HydG and/or the related tyrosine lyase ThiH have modeled the initial tyrosine radical as a neutral tyrosine radical formed by H-atom abstraction of the O[H]{.ul} hydrogen of the phenol group.^[@ref9]−[@ref13]^ Mass spectrometry of the dAdoH species formed as a result of 5′dAdo^•^-driven H-atom abstraction from tyrosine shows that the shows that the H-atom originates from a solvent exchangeable position,^[@ref9],[@ref13]^ consistent with its assignment to the O[H]{.ul}. However, it is worth noting that such neutral tyrosine radicals are quite stable, either as redox active residues in proteins or isolated species in solution,^[@ref16]−[@ref21]^ and they do not fragment like the substrate tyrosine of HydG. Moreover they are generally not generated via H-atom abstraction, but rather via a proton coupled electron transfer mechanism. For example, the highest potential neutral tyrosine radical in biology is the Y~Z~^•^ radical of photosystem II that serves as an electron transfer intermediate between the photooxidized chlorophyll species P~680~^+^ and the 4Mn--Ca cluster that oxidizes water: here there is no H-atom abstraction, but a transfer of a proton to and from a nearby histidine residue during the oxidation and reduction electron transfers.^[@ref16],[@ref22]^

The other candidate for an exchangeable H-atom on tyrosine is the amino group. As noted in the introduction, the likelihood that an amino hydrogen is the target of the HydG H-atom transfer was suggested by a recent X-ray structure of rSAM tryptophan lyase NosL.^[@ref14]^ The NosL structure includes a bound tryptophan (which of course lacks the OH group of tyrosine) oriented to favor rSAM based H-atom abstraction from the amino group. The authors conclude that NosL initiates its C~α~--C~β~ bond cleavage via a resulting aminyl radical and suggest a similar mechanism for the tyrosine lyases ThiH and HydG. Hydrogen atom abstraction from the tryptophan amino group was confirmed with biochemical experiments.^[@ref23]^ Although the current HydG structure lacks bound substrate tyrosine, bound tyrosine can be modeled based on the tryptophan bound crystal structure of homologue NosL ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref15]^ Comparing the NosL substrate crystal structure with the HydG crystal structure, we see that the amino acids Pro 88, Tyr 90, Arg 323, and Ser 340 in NosL, which are necessary in substrate-binding, correspond to Pro 83, Tyr 85, Arg 313, and Ser 331/334 in HydG and are conserved, where Pro 83 will make a CH-π interaction with the phenyl ring of the substrate tyrosine, Tyr 85 is a H-bond partner with the amino group, Arg 313 acts as a H-bond partner with the carboxyl group, and Ser 331/344 acts as a H-bond partners with the OH of the phenyl group.

Our use of non-native substrates to probe the radical chemistry of HydG initially focused on 4-hydroxy phenyl propanoic acid (HPPA), where the C~α~H-NH~2~ of tyrosine is replaced by CH~2~ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The X-band continuous wave (CW) EPR spectra of HydG frozen reaction intermediates are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Trace A shows the spectrum of the radical trapped with natural abundance HPPA (∼60 s freeze quench time). We see four well-defined hyperfine peaks that can be simulated with two inequivalent ^1^H hyperfine couplings (red trace). To prove that this strong radical signal arises from HPPA and to test our specific hypothesis that the radical will be generated by an H-atom abstraction at the C2 site in analogy to amino H abstraction in the native substrate tyrosine, we synthesized HPPA with a single ^13^C (spin *I* = 1/2) at the C2 position. Trace B shows the EPR spectrum of this ^13^C2 HPPA, well simulated (red trace) with a strong hyperfine interaction to the ^13^C2 that further splits the four hyperfine peaks of the unlabeled HPPA radical. Mass spectrometry of dAdoH with these HPPA reactions run in buffer with natural abundance water versus ^2^H~2~O shows that the abstracted H-atom is not exchangeable with HPPA as a substrate, eliminating the phenol O[H]{.ul} group as the abstracted hydrogen and consistent with radical labeling experiment indicating a C2--H hydrogen abstraction ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00706/suppl_file/oc9b00706_si_001.pdf)). (Details of the radical chemistry revealed by C2 deuteration will be discussed in an upcoming article.) Additionally, no products other than HPPA itself were detected by mass spectrometry. Furthermore, the HPPA-derived radical appears quite stable compared to the time scale of tyrosine cleavage and formation of the 4-hydroxidobenzyl radical.^[@ref9]^ These findings imply that the HPPA primary substrate radical does not fragment and is instead quenched by relatively slow H-atom reabstraction from the protein or dAdoH. This HPPA-derived radical intensity is several fold higher than that of the 4-hydroxidobenzyl radical obtained with HydG with the native substrate tyrosine.

For the natural abundance HPPA-derived radical ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A), the quartet-pattern EPR signal is well simulated with a *g*-matrix of \[2.002 2.004 2.005\] and with two inequivalent protons with hyperfine values (MHz) of \|A(H~a~)\| = \[30 57 90\] and \|A(H~b~)\| = \[107 118 130\]. The isotropic component of the hyperfine coupling, *a*~iso~ for H~b~ is 110 MHz, nearly twice that for H~a~ (*a*~iso~ = 59 MHz), which results in the apparent 1:1:1:1 intensity quartet EPR spectrum. The rhombicity of the H~*a*~ hyperfine tensor suggests this proton belongs to an atom bound directly to the spin carrying center,^[@ref24]^ likely localized to a single aliphatic carbon, consistent with a radical resulting from H-atom abstraction from C2 or C3 of HPPA, but not from the phenol OH group. The EPR signature of the radical generated from the ^13^C 2-HPPA substrate, with the quartet features each further split into doublets due to the addition of a strongly coupled ^13^C (with A(^13^C) = \[−20 215 −20\]), in turn localizes the spin density to the C2 carbon ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B).

This experimentally determined ^13^C hyperfine tensor can be used to determine the distribution of the unpaired electron density using empirical methods developed using well-known model systems. The hyperfine tensor A is composed of isotropic (*a*~iso~) and anisotropic (*T*) components, where *A* = *a*~iso~ + *T*. The isotropic component is due to the Fermi contact interaction and is proportional to the unpaired electron density at the nucleus. The anisotropic component *T* occurs via through-space interactions of distant spin centers with the nuclear spin (*T*~nonloc~) and dipolar interactions from partially occupied p and d orbitals centered on the atom (*T*~loc~). The anisotropic component of the hyperfine tensor of ^13^C2 (*T*(C2)) can be used to calculate the spin density in the 2p orbital of C2 (ρ~*C*2~). *T*(C2) is dominated by the dipolar interaction of the singly occupied 2p orbital with the ^13^C at C2, and thus *T*~nonloc~(C2) is a minor component and *T* = *T*~loc~ is a good approximation. The measured ^13^C2 hyperfine parameters produce values of *a*~iso~ = 58 MHz and *T* = \[−78 −78 157\] which can be used to calculate the unpaired electron density in the 2p orbital of C2 by the method of Morton and Preston,^[@ref25]^ which relates the spin density to the elements of the *T*~loc~ hyperfine tensor, here approximately equal to the measured elements of *T*, with the established value of *P* = 268.5 MHz:

This analysis of our experimental ^13^C hyperfine affords an assignment of ρ~*C*2~ = 0.73. The ^1^H~a~ hyperfine simulation parameters (caption of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) can also be used to calculate ρ~*C*2~. The ^1^H~a~ hyperfine coupling is assigned to the proton of a hydrogen bound to C2 of HPPA with hyperfine matrix of \|\[30 57 90\]\| (MHz) giving an \|*a*~iso~\| of 59 MHz. We can use the McConnell relationship^[@ref26]^ between the carbon 2p~*z*~ spin density and the observed ^1^H *a*~iso~ value:where *Q* has the numerical value of \|63\| MHz. The measured hyperfine coupling corresponds to ρ~C2~ = 0.94. Thus, both the ^13^C and ^1^H hyperfine analyses point to a large spin density localized on the C2 carbon, with a mean spin density of ρ̅~C2~ = 0.8(0.15): thus, the majority of the spin density on the HPPA-derived radical is at the C2 carbon which was specifically ^13^C-labeled due to its spatial correspondence to the C~α~NH~2~ moiety of tyrosine.

The combination of this C2 isotope-sensitive radical EPR signal and the associated mass spectrometry showing a nonexchangeable H-atom abstraction from HPPA provides direct experimental confirmation of the proposal^[@ref14]^ that the amino-nitrogen is the site of the H-atom abstraction for the native tyrosine substrate. Moreover, it is clear from these results that HPPA binds at the HydG substrate site with high fidelity. This encouraged us to consider the more oxidized coumaric acid, with a C~2~=C~3~ alkene substitution relative to HPPA, as another non-native substrate to test with rapid freeze quench EPR. Chemical intuition indicates that this substitution would raise the energy of any coumaric acid substrate radical formed in HydG relative to the now-characterized HPPA C2 centered radical. To put this on a more quantitative basis, the energetics for H-atom transfer for these substrates were examined with density functional theory (DFT) calculations at the ωB97X-D/6-311+G(d,p) level of theory (see [SI section V](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00706/suppl_file/oc9b00706_si_001.pdf) for details).^[@ref27]^ As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} (top trace), H-atom transfer from the amino group of tyrosine (zwitterion) is exergonic with a change in free energy between the two species (Δ*G*) of ∼ −8 kcal/mol. The predicted barrier is ∼13 kcal/mol. This primary tyrosine radical has so far eluded detection, although the 4-hydroxidobenzyl radical radical product of its C~α~--C~β~ bond lysis has been characterized in some detail.^[@ref9]^ The DFT predictions for the 5′dAdo^•^ radical's reaction with the non-native HPPA to produce a stable alkyl radical reveal a similar degree of exergonicity (center reaction) along with a slightly lower barrier (10.7 kcal/mol) compared to tyrosine and also reveal an ∼0.99 spin density at the C2 carbon consistent with our EPR analysis. However, the computational results for the alkenyl radical generated from the 5′dAdo^•^ radical's reaction with *cis-p*-coumaric acid (bottom reaction) are quite different. Although the barrier height for the H-atom transfer reaction is similar (∼13 kcal/mol), the net free energy difference is negligible (Δ*G* = +0.1 kcal/mol). This calculation does not take into account specifics of the protein binding sites for the different non-native substrates, currently unknown, but the fact that a near unity equilibrium constant is predicted for this "vacuum" reaction provides a thermodynamic justification for exploring the HydG reaction with the two isomers of coumaric acid as a potential enzymatic route to trap the 5′dAdo^•^ radical.

![Qualitative depiction of the reaction free energies calculated by DFT (see [SI Section V](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00706/suppl_file/oc9b00706_si_001.pdf)) for H-atom abstraction by free 5′dAdo^•^ from the amino group of the zwitterionic state of tyrosine (top), from C2 of 4-hydroxyphenyl propanoic acid (HPPA) (middle), and from C2 of *cis-p*-coumaric acid (bottom). Δ*G* values are in kcal/mol units.](oc9b00706_0003){#fig3}

In this regard, our approach is directly analogous to that of prior experiments probing radical SAM reactions employing chemically modified SAM, specifically *S*-3′,4′-anhydroadenosyl-[l]{.smallcaps}-methionine (3′,4′-anAdoMet) (anSAM),^[@ref28],[@ref29]^ which provides allylic stabilization of its 5′-carbon centered radical relative to SAM itself. When employed with the rSAM enzyme lysine 2,3-aminomutase (LAM), the enzyme activity was greatly reduced but not zero (∼0.25%), and the 3′,4′-anhydro-5′-deoxyadenosyl radical was in turn trapped and characterized via EPR, with the assignment to this modified SAM radical confirmed with appropriate isotopic substitutions.^[@ref28],[@ref29]^ In the case of these anSAM studies, a radical of a SAM analogue with a lower potential than the unmodified SAM radical was trapped when paired with the LAM enzyme's native substrate. The altered energetics of the pair results in slow H-atom abstraction and the trapping of a significant population of the 3′,4′-anhydro-5′-deoxyadenosyl radical. Our approach here is analogous, but complementary. We are using SAM itself, but pairing it with a higher potential non-native substrate, coumaric acid, with the goal of trapping the actual 5′dAdo^•^ radical.

Experiments with *trans-p*-coumaric acid as a non-native substrate afforded no new radical EPR signals: only the HydG FeS signals were observed. Using LC-MS, we identified the generation of dAdoH when *cis-p*-coumaric acid acid is used as a substrate ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00706/suppl_file/oc9b00706_si_001.pdf)). From this, we know that this adenosyl radical decays and dAdoH is formed. Concurrent with the decay of this adenosyl radical, an axial *g*~1~ = 2.078 EPR signal appears. This signal is both SAM and *cis-p*-coumaric acid dependent, and thus we believe this to be a downstream product of H-atom abstraction from *cis-p*-coumaric acid which leads to the generation of dAdoH.

However, the HydG reaction with *cis-p*-coumaric acid also generates a new CW EPR radical spectrum with a different pattern of ^1^H hyperfine couplings than observed with HPPA ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C) (\<10 s freeze quench time). At low EPR observation temperature (e.g., 10 K), we observe a set of overlying EPR spectra, including contributions from the two Fe--S clusters for HydG ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00706/suppl_file/oc9b00706_si_001.pdf)). (Assignments of all the EPR signals associated with the HydG *cis-p*-coumaric acid reaction will be the focus of an upcoming manuscript.) At relatively high observation temperatures (∼40--60 K), this new radical signal is clearly seen. Contributions from other species can be suppressed by subtracting the spectrum taken at 60 K from the spectrum at 40 K, with amplitudes weighted by the relative (1/*T*) Curie factors ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00706/suppl_file/oc9b00706_si_001.pdf)). To discriminate between a possible *cis-p*-coumaric acid centered radical or a SAM-derived radical, we repeated the freeze quench EPR with SAM fully ^13^C-labeled in the adenosine moiety. The CW EPR spectrum is appreciably broadened (by about 8.5 mT) by multiple ^13^C interactions, with some partially resolved hyperfine features ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D). These results clearly demonstrate that the rSAM reaction of HydG with *cis-p*-coumaric acid generates some form of adenosyl radical.

We note that the addition of the 5′dAdo^•^ radical to terminal alkenes has been observed using Tyr analogues other than C2-*cis-p*-coumaric acid.^[@ref30]^ No additional broadening is observed in the EPR spectra of dAdo when ^13^C2-*cis-p*-coumaric acid is used in the HydG reaction ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00706/suppl_file/oc9b00706_si_001.pdf)), indicating that this new adenosyl radical does not correspond to such an addition product.

In order to better determine the distribution of spin density of the detected adenosyl radical and to specifically address whether we have trapped the 5′dAdo^•^ radical, we carried out another *cis-p*-coumaric acid HydG reaction with SAM specifically deuterated at the four hydrogens bound to the C5′, C4′, and C3′ carbons ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). This results (trace B) in a full collapse of proton hyperfine structure, showing that the spin density of the trapped adenosyl radical is localized in the vicinity of C5′ as expected for the 5′dAdo^•^ radical. The hyperfine structure of the SAM-derived radical signal is well simulated ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A, red trace) with three proton hyperfine interactions. The associated hydrogens must be bound to the C5′, C4′, and/or C3′ of the ribose moiety of SAM, as when these are replaced by deuterons, the resolved proton hyperfine couplings are eliminated.

![X-band CW of the 5′dAdo^•^ generated in HydG. The subtraction spectra of the reaction mixture of HydG 100 μM, DTH 1 mM, *cis-p*-coumaric acid 300 μM, and (A) N.A. SAM, (B) *S*-adenosyl-5′,5′,4′,3′-^2^H-methionine, 300 μM. Spectrometer configuration: frequency 9.4 GHz, power 2 mW. Spectra (A) and (B) are generated by subtracting the scaled spectra acquired at 60 K (accounting for a 1/*T* signal intensity dependence) from the spectra acquired at 40 K to remove a fast relaxing unassigned signal. Red traces in (A) and (B) are simulations using the same *g*-tensor \[2.006 2.004 2.002\]. (A) is simulated with three protons hyperfine tensors and corresponding Euler angles A(H5′~endo~) = \[−25 −58 −107\], Euler angle (H5′~endo~) = \[0 −92 −46\]°ř, A(H5′~exo~)= \[−25 −58 −107\], Euler angle (H5′~exo~) = \[45 126 74\]°, A(H4′) = \[69 62 79\], Euler angle (H4′) = \[60 −60 −75\]°. D4-SAM parameters are the same but with H5′~endo~, H5′~exo~ and H4′ scaled to deuteron hyperfine tensors by the ratio of their larmor frequencies γ(^2^H)/γ(^1^H) = 0.153. A(D5′~endo~) = \[−3.8 −8.9 −16.5\] A(D5′~exo~) = \[−3.8 −8.9 −16.5\], A(D4′) = \[10.6 9.5 12.15\].](oc9b00706_0004){#fig4}

The ribose ^1^H hyperfine simulation parameters (caption of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) can be used to calculate spin densities at the corresponding carbon. If we tentatively assign the two largest ^1^H hyperfine couplings used in the simulation, both with hyperfine matrices of \|\[−25 −58 −107\]\| (MHz), with an \|*a*~iso~\| of 63 MHz, we can use the McConnell relationship^[@ref26]^ between the carbon 2p~*z*~ spin density and the observed ^1^H *a*~iso~ value (vide supra): This corresponds to ∼100% spin density on the C5′ carbon (ρ(*C*5′) = 1.0).

We then model the third ^1^H hyperfine coupling in the simulation to the single C4′ hydrogen. With ∼100% of the spin density in our model assigned to C5′, the coupling on this C4′ hydrogen *a*~iso~(*H*~4′~) = 70 MHz, arises via an orientation-dependent hyperconjugation mechanism, which can be calculated with another McConnell relation,^[@ref31]^ specified for our model aswhere B″ = 162 MHz and θ is the dihedral angle between the C4′--H bond and the vector normal to angular node on the semi occupied *p* orbital of C5′ ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). Given our assignment of ρ(*C*5′) ≈ 1.0, this expression provides a dihedral angle of θ ≈ 49° to rationalize the third measured ^1^H coupling. The fourth isotopically exchanged hydrogen nucleus probed in our isotope substitution EPR experiment, on the C3′ carbon, has a hyperfine coupling to the spin density on C5′ too small to affect the CW EPR spectrum and is thus is not required in the simulation.

![A Depiction down the C5′--C4′ Bond of the Ribose Moiety of 5′dAdo^•^, Showing the Dihedral Angle (θ) between the Singly Occupied *p*~*z*~ Orbital of C5′ and the C4′--H Bond](oc9b00706_0006){#sch2}

We have not been able to obtain the single labeled ^13^C5′-SAM, but we can get some estimate of the largest ^13^C hyperfine component (∼240 MHz) from the line broadening of the CW EPR spectrum obtained with *S*-adenosyl-(2,4,5,6,8,1′,2′,3′,4′,5′-^13^C~10~)-methionine as described in the [SI, section IV](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00706/suppl_file/oc9b00706_si_001.pdf). We cannot extract the full ^13^C hyperfine tensor from the CW EPR spectrum, but an estimate based on the ^13^C line broadening, assuming it is dominated by the ^13^C5′ interaction, gives ρ(*C*5′) ≈ 0.90(0.1), consistent with the large C5′ spin density obtained from the ^1^H hyperfine analysis. In total, the EPR results with isotopically labeled SAM used with HydG in conjunction with *cis-p*-coumaric acid as a non-native substrate ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C,D and [4](#fig4){ref-type="fig"}) provide a consistent assignment to the trapped 5′dAdo^•^ radical, with its hallmark near-unity spin density on the C5′ carbon (ρ(*C*5′) ≈ 1.0).

This appears to be the first isotopically verified trapping and characterization of the 5′dAdo^•^ radical in an actual rSAM enzymatic reaction, accomplished here by using a non-native substrate, *cis-p*-coumaric acid, in place of the native substrate tyrosine. As noted by Magnusson et al.,^[@ref29]^ the fact that the 5′dAdo^•^ has never been directly observed spectroscopically in a radical SAM reaction makes its existence "hypothetical", although their studies trapping the modified anSAM radical certainly provided prior support. We estimate based on analysis ([SI section III](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00706/suppl_file/oc9b00706_si_001.pdf)) of the CW EPR spectra of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} that the 5′dAdo^•^ radical generated with *cis-p*-coumaric acid builds to about one-fourth the concentration of the strong HPPA radical, roughly consistent with our thermodynamic prediction. The concentrations are calculated to be 4 μM and 16 μM for the 5′dAdo^•^ radical and the HPPA radical, respectively ([SI section IV](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00706/suppl_file/oc9b00706_si_001.pdf)), although we note using spin quantitation to compare species with different relaxation properties can induce a relatively high degree of error. Also, our trapping of the 5′dAdo^•^ radical in HydG by using *cis-p*-coumaric acid as a non-native substrate with a relatively high radical state energy explicitly shows that the 5′dAdo^•^ radical exists as a "free" radical in this reaction, although it may be possible that the organometallic "Omega" species exists early in the reaction.^[@ref32],[@ref33]^ The only organic products detected in the reaction of *cis*-*p*-coumaric acid is dAdoH, thus the ultimate fate of the product of H-atom abstraction from *cis*-*p*-coumaric acid is currently unknown.

We note that a prior assignment of 5′dAdo^•^ trapped in the C140A mutant of the radical SAM enzyme (RSE) spore photoproduct lyase (SPL)^[@ref34]^ lacked the specific magnetic isotope data needed to definitively assign the EPR spectrum. In fact, this spectrum is distinctly different from our isotope-verified 5′dAdo^•^ radical shown here, or that of the 5′dAdo^•^ radical generated by cryophotolysis,^[@ref4]^ but its approximate 1:4:6:4:1 intensity ratio of the EPR spectrum and the corresponding ^1^H HFI gives an EPR signal that matches closely those found in gamma-irradiated crystals of derivatized [l]{.smallcaps}-alanine,^[@ref35]−[@ref37]^ suggesting that the reaction in this Cys-to-Ala mutant of SPL could lead instead to the formation of an alanine radical at position 140. Similarly, Downs and co-workers trapped a peptide backbone radical when initiating the radical SAM reaction in ThiC in the absence of substrate.^[@ref38]^

These examples illustrate that rSAM enzymes must exercise exquisite control or else the 5′dAdo^•^ radical will rapidly quench itself at the expense of the protein, although an exception to this principle has been observed with NosL.^[@ref39]^ In the case of our HydG reaction with non-native substrates HPPA and *cis-p*-coumaric acid, our EPR results show that they bind sufficiently tightly in the native tyrosine substrate site that they are the targets of the 5′dAdo^•^ H-atom abstraction, rather than having some protein site participating in a side reaction. Specifically, the C2-centered radical formation of HPPA suggests that this non-native substrate is binding in a similar geometry as tyrosine, as the C2 position in HPPA closely corresponds to the amino group position of tyrosine. Then, the fact that switching to a related non-native substrate, *cis-p*-coumaric acid with a double bond introduced adjacent to this C2 position, stabilizes the 5′dAdo^•^ radical as not seen before in any rSAM enzyme reaction, points to specific binding for this non-native substrate, particularly in contrast to the trans isomer which does not generate this radical. We have introduced a thermodynamic argument for our success in trapping the 5′dAdo^•^ radical, modeled closely on the prior anSAM studies.^[@ref28],[@ref29]^ There may be more subtle substrate-binding issues at play, resulting in changes in the detailed kinetics between tyrosine and the two non-native substrates employed in this study, but until we have structures for HydG with these non-native substrates bound along with the native tyrosine (currently only modeled based on the NosL tryptophan binding motif^[@ref14],[@ref15]^), it will be difficult to rigorously assay these effects.

Another approach to generate the 5′dAdo^•^ radical is direct photolysis of preformed SAM-metal complexes. It is well-known that the cobalt--carbon bond of cobalamins can be cleaved by light.^[@ref40]−[@ref42]^ Van Willigen and co-workers^[@ref43]^ used Fourier transform (pulse)-EPR and chemically induced dynamic electron polarization (CIDEP) to examine the radical pair products of photolysis and homolytic cleavage of the Co--C bond in methylcobalamin and 5′-adenosylcobalamin, and assigned resultant spectra to methyl and 5′dAdo^•^ radicals, respectively (but see discussion questioning this assignment^[@ref4]^). Now we have the isotopically verified 5′dAdo^•^ generated by low-temperature photolysis of the prereduced \[4Fe-4S\]-SAM cluster of the rSAM enzyme pyruvate formate-lyase, along with its attendant EPR/ENDOR/DFT characterization.^[@ref4]^ The CW EPR line shape of our 5′dAdo^•^ radical produced by the HydG reaction with *cis-p*-coumaric acid is remarkably similar to this cryogenerated radical signal. Any small differences are likely attributable to differences in the C4′-H hyperfine coupling due to different dihedral angles (θ in our notation), no doubt resulting from the two different radical generation protocols. Moreover, the spectral changes induced by using various isotopically labeled SAMs in both set of experiments point to the same assignment of a 5′dAdo^•^ radical, with the vast majority spin density at the C5′ carbon, even though the specifics of the exact isotope labels are different between the two groups. As clearly described by Yang et al.,^[@ref4]^ trapping and characterization of the "elusive" 5′dAdo^•^ have been a long time coming, and it is interesting that it can now be done by two different approaches, the cryoillumination method and the rSAM reaction with a non-native substrate, with essentially identical 5′dAdo^•^ radicals resulting. Our approach, trapping the 5′dAdo^•^ radical by altering the thermodynamics of its primary H-atom abstraction target using non-native substrates, should be a broadly applicable approach toward generating the 5′dAdo^•^ radical in other rSAM enzymes, providing a nuanced probe of its conformation and electronic structure in different enzyme environments.
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